Introduction
Excess weight (body mass index [BMI] ≥ 25 kg/m 2 ) and/or weight gain have been reported to increase the risk of atherosclerotic cardiovascular events (1) (2) (3) . Increased arterial stiffness, as assessed using the pulse wave velocity (PWV), is a well-known cardiovascular risk factor (4) and is a predictor of future cardiovascular events (5) . Some cross-sectional studies have demonstrated an increased arterial stiffness in subjects with excess weight (6, 7) , and a recent prospective study has demonstrated that weight gain was independently associated with an increase in arterial stiffness in young subjects (8) . Several factors have been proposed to explain the correlation between increased arterial stiffness and excess weight and/or weight gain (9, 10) . However, whether weight gain increases arterial stiffness similarly in subjects with or without excess weight remains unclear. Furthermore, the BMI classifications for excess weight are overweight (25.0 kg/m 2 ≤ BMI< 30 kg/ m 2 ) and obese (BMI ≥ 30 kg/m 2 ) (2), but the increases in arte-rial stiffness associated with weight gain in overweight and obese individuals have not been compared. The present prospective study in healthy middle-aged Japanese men was conducted to clarify whether the BMI classifications (i.e., without excess weight, overweight and obese) may modify the rate of progression of arterial stiffening associated with weight gain.
Methods

Design and Subjects
This follow-up study was performed in Japanese male employees of a single large construction company. From May 2000 to December 2004, the routine annual health checkup included an evaluation of atherosclerotic risk factors, and brachial-ankle PWV measurements were also conducted on two occasions: at the beginning (1st examination) and end (2nd examination) of a 3-year study period. The details of this follow-up study protocol are described elsewhere (11) . At the baseline period of this follow-up study (from May 2000 to August 2001), a total of 3,396 subjects had an annual health checkup. Among them, 398 subjects who were working at branch offices and 609 female subjects were excluded because of the difficulty in entering them into the follow-up protocol (e.g., They frequently change their job). Therefore, a total of 2,389 Japanese male subjects who were working at the company headquarters were enrolled in this follow-up study. At the 1st examination, 4 subjects who had an ankle/ brachial systolic blood pressure index (ABI) of less than 0.95, 5 subjects who had atrial fibrillation, 4 subjects who were under maintenance hemodialysis, and 194 subjects who were receiving medication for hypertension, dyslipidemia, diabetes mellitus, heart disease or stroke were excluded from the analysis. During the study period (spanning the 1st and 2nd examinations), 3 subjects were newly diagnosed as having atrial fibrillation and 99 subjects began receiving medication for one or more of the above-mentioned diseases. Finally, data from 2,080 subjects were included in the present analysis (10) .
Subjects with atherosclerotic risk factors were advised to visit the Health Care Center of their construction company as a first step, and a management plan was created for each subject. The subjects were provided guidance with regard to therapeutic lifestyle modifications. In subjects who were judged to require medication, the appropriate medication was prescribed. Subjects with an ABI of less than 0.95 or atrial fibrillation were considered ineligible for enrollment, because measurements of brachial-ankle PWV in persons with atrial fibrillation or an abnormal ABI are not considered accurate. In addition, subjects who were receiving medication for hypertension, dyslipidemia, diabetes mellitus, heart disease and/or stroke were also excluded from this study. Verbal informed consent was obtained from all of the participants prior to their participation. The protocol of this study conformed to the principles of the Declaration of Helsinki, and the study was conducted with the approval of the Ethical Guidelines Committee of Tokyo Medical University.
Pulse Wave Velocity Measurements
Brachial-ankle PWV was measured using a volume-plethysmographic apparatus (Form/ABI; Colin Co. Ltd., Komaki, Japan), in accordance with a previously described methodology (11, 12) . In brief, electrocardiographic electrodes were placed on both wrists, and a microphone for the phonocardiogram was attached to the left side of the chest. Electrocardiograms and phonocardiograms were used as timing markers for the device. Occlusion cuffs, which were connected to both plethysmographic and oscillometric sensors, were tied around both upper arms and ankles while the subjects lay in a supine position. The brachial and post-tibial arterial pressures were measured using the oscillometric sensor. The brachial and post-tibial arterial pressure waveforms were recorded for 10 s using a plethysmographic sensor and were stored. The waveform characteristics were determined automatically according to the phase-velocity theory. The measurements were conducted after the subject had rested for at least 5 min in a supine position in an air-conditioned room (24-26°C) earmarked exclusively for this purpose. The inter-observer and intra-observer coefficients of variation for PWV measurements have been reported to be 8.4% and 10.0%, respectively (12) . The heart rate and mean arterial pressure simultaneously obtained during the measurement of the brachial-ankle PWV were used for the analyses; the blood pressure was recorded simultaneously from the right arm and the left arm using an oscillometric method, and the blood pressure variables were calculated as the means of the values measured for the right and left arms.
Laboratory Measurements
The serum levels of total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL) and creatinine, and the fasting plasma glucose (FPG) level were measured using enzymatic methods (Falco Biosystems Co. Ltd., Tokyo, Japan). All blood samples were obtained in the morning after the subjects had fasted overnight.
Statistical Analysis
All data were expressed as the mean±SD. Error bars are shown in all the figures. The significant differences between the variables at the 1st and 2nd examinations were assessed in each group using a paired t-test.
The percent change in the body weight was estimated as {(value at 2nd examination − value at 1st examination) × 100/ value at 1st examination}. The estimated annual rate of increase in the brachial-ankle PWV value (ARbaPWV) was calculated using the formula (brachial-ankle PWV at 2nd examination − brachial-ankle PWV at 1st examination)/3 (years). Differences in the ARbaPWV were compared among the groups using an analysis of covariance. This analysis was adjusted for continuous variables (values at first examination [age, BMI, brachial-ankle PWV, mean arterial pressure and heart rate recorded during the brachial-ankle PWV measurement, and TC, TG, HDL and FPG levels] and changes in the mean arterial pressure and heart rate recorded during the brachial-ankle PWV measurements, and the TC, TG, HDL and FPG levels measured during the study period) and categorical variables (smoking status at the first examination and changes in the smoking status during the study period). All analyses were conducted using SPSS software for Windows, version 11.0J (SPSS, Chicago, USA). p values < 0.05 were considered significant.
Results
Significant weight gain was defined as a weight gain of more than 5% during the study period (13) . In the entire study population (n= 2,080), the adjusted value of ARbaPWV (12.2±1.7 cm/s/year) in the subjects with weight gain (n= 348) was similar to that (13.9±0.7 cm/s/year) in the subjects without weight gain (n= 1,732).
The BMI classifications were defined as follows: without excess weight, BMI< 25 kg/m 2 ; overweight, 30> BMI≥ 25 kg/m 2 ; and obese, BMI ≥ 30 kg/m 2 . Figure 1 shows the ARbaPWV in subjects with or without weight gain according to the three BMI classifications. In the overweight group, the ARbaPWV in the subjects with weight gain was higher than that in the subjects without weight gain, even after adjustment. The ARbaPWV was similar between the subjects with and those without weight gain in the without excess weight group and in the obese group (Fig. 1) . In addition, the difference in ARbaPWV was not significant between the subjects with (n= 79) and those without weight gain (n= 473) in an excess weight group (i.e., the overweight plus obese groups) (adjusted ARbaPWV values: subjects with weight gain, 21.2±5.5 cm/s/year vs. subjects without weight gain, 14.0±4.7 cm/s/year; p= 0.1).
The clinical characteristics of the three BMI classifications groups divided further into two groups with or without weight gain are shown in Table 1 . In subjects with weight gain, the without excess weight and overweight groups showed significant increases in mean blood pressure, TC and TG levels during the study period, but a significant increase in the FPG level was not observed in these two groups ( Table 1) .
The increase in the ARbaPWV associated with weight gain in the overweight group, but not in the obese group, was higher than that in the without excess body weight group, after adjustment (Fig. 2) .
Discussion
To our knowledge, the present study is the first report to demonstrate that BMI classifications (i.e., without excess body weight, overweight, and obese) modify the annual progression of arterial stiffness associated with weight gain. To date, only one prospective study has demonstrated an association between weight gain and arterial stiffening in healthy young adults, and that study suggested that the effects of weight gain on arterial stiffening were independent of the baseline BMI (8) . While aging and an increased BMI are determinants of arterial stiffness (4, 7, 8, 14) , the subjects of the previous study were relatively young and more than 75% of them were categorized as overweight or obese (the mean BMI in the Gain <5%, subjects without weight gain; Gain ≥5%, subjects with weight gain; MBPpwv, mean blood pressure obtained at the time of the brachial-ankle pulse wave velocity measurement; HR, heart rate obtained at the time of the brachial-ankle pulse wave velocity measurement; TC, plasma levels of total cholesterol; HDL, plasma levels of high density-lipoprotein cholesterol; TG, plasma levels of triglycerides; FPG, fasting plasma glucose; baPWV, brachial-ankle pulse wave velocity; Smoking, number of subjects who smoked. *p<0.05, † p<0.01, for year 3 vs. baseline. study was 27 kg/m 2 ) (8). Thus, further study was needed to clarify the association between baseline BMI classifications and arterial stiffening associated with weight gain. The subjects of the present study were healthy middle-aged Japanese men, and more than half of them were categorized as without excess weight (the mean BMI of the present study was 23.5 kg/m 2 ). The ARbaPWV in subjects with weight gain was higher than that in subjects without weight gain among the overweight group but not among the without excess weight or obese groups. The number of subjects with weight gain in the obese group was relatively low, but the ARbaPWV was similar between the with (overweight plus obese) and without excess weight groups. Therefore, while the present study could not determine whether weight gain accelerated arterial stiffening in obese subjects, weight gain seemed to accelerate arterial stiffening in overweight subjects, but not in subjects without excess weight.
Increased arterial stiffness increases cardiovascular risk via several mechanisms, such as increased cardiac afterload, impaired coronary blood supply, cardiac diastolic dysfunction caused by ventriculo-arterial coupling, or direct atherogenic actions (4, 14) . The present study suggested that weight gain may increase the cardiovascular risk related to arterial stiffness in overweight subjects but not in subjects without excess weight. The risk of cardiovascular events increases along with an increasing BMI classification. Although weight gain further increases such risks (1-3), whether the BMI classifications themselves modify the increased risk associated with weight gain is unclear. The results of the present study suggested that the increase in cardiovascular risk associated with weight gain was larger in the overweight group than in the without excess weight group. In addition, while the prevention of weight gain is an important public health issue (15) , some studies have expressed concern about the feasibility of preventing weight gain (16, 17) . Considering the results of the present study, approaches to preventing further weight gain in overweight subjects should be established.
Several mechanisms, including the exaggeration of conventional risk factors (elevated blood pressure and abnormal glucose and/or lipid metabolisms), the activation of the sympathetic nervous system, the impairment of nitric oxide activity, and/or abnormal conditions of vascular smooth muscle cells and vascular connective tissues, have been proposed to explain arterial stiffening associated with weight gain (9, 10) . In the present study, the effects of weight gain on elevated blood pressure and abnormalities in glucose and lipid metabolism were similar among the without excess weight and overweight groups. Weight gain induces abnormalities in the production/release of atherogenic adipocytokines, which, in turn, increase arterial stiffness (9, 14) . These cytokines are produced and released from visceral adipose tissues (18) . The amount of visceral adipose tissue is larger in the overweight subjects than in the without excess weight subjects (19) . Therefore, these factors may contribute, at least in part, to the accelerated arterial stiffening associated with weight gain in overweight subjects.
Study Limitations
This study had three major limitations. First, brachial-ankle PWV, not carotid-femoral PWV, was used, even though carotid-femoral PWV is a better established method of assessing central arterial stiffness. While brachial-ankle PWV includes peripheral muscular arterial stiffness, it has also been shown to be closely correlated with the aortic PWV (12) . Furthermore, recent studies have demonstrated that this parameter can be used as a marker to predict future cardiovascular events (20, 21) . Second, the results of this study were not confirmed in female subjects or in subjects of other ethnicities. In addition, Wildman et al. demonstrated that the increase in arterial stiffness associated with a higher BMI was blunted in subjects who were more than ≥ 60 years old (22) . Therefore, further studies are needed to determine whether the effect of percent changes in body weight on the annual rate of arterial stiffening might be modified in subjects over the age of 60 years. And third, the small number of obese subjects in the present study prevented us from determining whether weight gain accelerates arterial stiffening in obese subjects.
Conclusion
Our study revealed that the BMI classifications modified the annual rate of increase in arterial stiffening associated with weight gain. Weight gain seems to accelerate arterial stiffening in overweight subjects but not in those without excess weight. Weight gain in overweight subjects seemed to worsen the cardiovascular risk related to arterial stiffness in healthy Fig. 2 . Adjusted values of estimated mean annual rate of increase in brachial-ankle pulse wave velocity in subjects with weight gain among the without excess weight, overweight and obese groups. Gain ≥5%, subjects with weight gain; gain < 5%, subjects without weight gain. *p< 0.05 vs. subjects without excess weight.
middle-aged Japanese men. Thus, the prevention of weight gain should be emphasized in overweight subjects.
